Memories are not instantly created in the brain, requiring a gradual stabilization process called consolidation to be stored and persist in a long-lasting manner. However, little is known whether this time-dependent process is dynamic or static, and the factors that might modulate it. Here, we hypothesized that the time-course of consolidation could be affected by specific learning parameters, changing the time window where memory is susceptible to retroactive interference. In the rodent contextual fear conditioning paradigm, we compared weak and strong training protocols and found that in the latter memory is susceptible to post-training hippocampal inactivation for a shorter period of time. The accelerated consolidation process triggered by the strong training was mediated by glucocorticoids, since this effect was blocked by pre-training administration of metyrapone. In addition, we found that pre-exposure to the training context also accelerates fear memory consolidation. Hence, our results demonstrate that the time window in which memory is susceptible to post-training interferences varies depending on fear conditioning intensity and contextual familiarity. We propose that the time-course of memory consolidation is dynamic, being directly affected by attributes of the learning experiences.
Introduction
It is a basic notion in the neuroscience field that learning does not instantly induce a permanent memory trace. Instead, memory requires a gradual stabilization process called consolidation to be stored and persist in the long term. Since the seminal work of Müller & Pilzecker (1900) the issue has been continuously investigated, unveiling many of the neurobiological mechanisms underlying consolidation. During consolidation, a series of cellular and molecular events take place, and interfering with any of these key steps prevent the formation of a longterm memory (Johansen, Cain, Ostroff, & LeDoux, 2011) . Nonetheless, given the complexity of the phenomenon of memory formation and storage, much of its mechanisms are still elusive. Particularly, although consolidation is well recognized as a time-dependent process, its temporal dynamics are poorly known.
The backbone of consolidation hypothesis is based on the observation that when amnestic treatments are presented soon after learning, memory is impaired. However, the same treatment is ineffective when given after a delay. It leads to the notion that soon after acquisition memory is initially in an unconsolidated, unstable stable state, thus being sensitive to interferences. As time elapses, the consolidation process gradually transforms the trace into a fixed, stable state, rendering it insensitive to the same interferences. That is, consolidation has a limited time-course that is restricted to the first hours after learning (Mcgaugh, 2015) , and it is a widespread notion in the field that this time window does not exceed a period of 6 h. However, several works reported on ineffective post-acquisition interferences given at much shorter delays, such as 10 min (Müller & Pilzecker, 1900) , 15 min (Gold, Mcdonald, & Mcgaugh, 1974) , or even 1 h (Duncan, 1949) , while others reported on effective interferences at longer delays, such as 24 h (Gold, 2006; Misanin, Miller, & Lewis, 1968) . These conflicting reports indicate that the consolidation time window widely varies depending on the experimental conditions. However, the factors affecting it are poorly understood, and even the idea of it being plastic is largely neglected.
The hippocampus plays an essential role in consolidating contextual memories, since it integrates information from the cortex and builds a complex representation of the environment (Moscovitch, Cabeza, Winocur, & Nadel, 2016) . Several studies have shown that post-training pharmacological infusion directly into the hippocampus modulates fear memory consolidation in a time-dependent fashion (De Oliveira Alvares, Genro, Diehl, & Quillfeldt, 2008; Izquierdo et al., 2006; Lunardi et al., 2017) .
Here we hypothesize that consolidation is in its essence dynamic, with its time-course being sensitive to change according to different learning experiences and cognitive demands. We speculate that learning perceived as especially relevant would lead to an accelerated consolidation in order to ensure that memory will be fixed rapidly, diminishing the possibility of interference. Our results confirmed our predictions, showing that the consolidation time window is determined by specific experimental parameters.
Methods

Animals
Male Wistar rats (age 2-3 months, weight 270-370 g) from our breeding colony were used. Animals were housed in plastic cages, four to five per cage, with water and food available ad libitum under a 12/ 12 h light/dark cycle (lights on at 7 a.m.) in a constant temperature of 24 ± 1°C. All experiments were performed in accordance to the national animal care legislation and guidelines and approved by the Ethics Committee of the Federal University of Rio Grande do Sul.
Contextual fear conditioning
The conditioning chamber (context) consisted of an illuminated Plexiglas box (25.0 × 25.0-cm grid of parallel 0.1-cm caliber stainless steel bars spaced 1.0 cm apart). In the training session, rats were placed in the chamber for 3 min for habituation and then received two 2 s footshocks of 0.4 mA (weak protocol) or 0,7mA (strong protocol), each separated by a 30 s interval. Before returning to their home cages, animals were kept in the conditioning environment for additional 30 s. In test session, 48 h after training animals returned to the conditioned context for 4 min and the freezing behavior was measured by an experienced observer that was unaware of the experimental conditions.
In the last experiment, animals were pre-exposed to the conditioning chamber for 5 min and, 24 h later, they were trained in the weak protocol.
Stereotaxic surgery and cannula placement
Rats were deeply anesthetized by an i.p. injection of ketamine/xylazine (75 and 10 mg/kg, respectively) and bilaterally implanted with 27-gauge guide cannulae in the dorsal hippocampus. Coordinates for hippocampus cannulation were anterioposterior −4.0 mm (from bregma), laterolateral ± 3.0 mm, and dorsoventral −1.6 mm, positioned just 1.0 mm above the CA1 area of the dorsal hippocampus. Before the behavioral tests, animals were allowed a recovery period of 5-7 days. Following the behavioral experiments, subjects were sacrificed and their brains dissected and preserved in 10% formaldehyde to verify cannulae placements. Only animals with correct cannulae placements were included in the statistical analysis.
Drugs
Muscimol (Sigma-Aldrich), a GABA A receptor agonist, was dissolved in phosphate-buffered saline (PBS) to a concentration of 1 mg/ml and infused into the dorsal hippocampus in a volume of 0.5 ul per side. Lidocaine hydrochloride (2%, Sigma), a voltage-gated sodium channel blocker, was also infused into the dorsal hippocampus in a volume of 0.5 ul per side. Metyrapone (Sigma-Aldrich), a corticosterone synthesis inhibitor, was dissolved in sterile isotonic saline with 10% DMSO to a final concentration of 50 mg/ml and injected intraperitoneally (50 mg/ kg). The dose of metyrapone was selected based on previous findings indicating effective blockade of stress-induced increases in circulating levels of corticosterone (Roozendaal, Bohus, & McGaugh, 1997) .
Intrahippocampal infusion
At the time of infusions, a 30-gauge infusion needle was fitted into guide cannula, with its tip protruding 1.0 mm beyond the guide cannula end and aimed at the pyramidal cell layer of CA1 of the dorsal hippocampus. A volume of 0.5 μl was bilaterally infused in a 60 s period.
Results
Contextual fear conditioning intensity dictates the temporal window of hippocampal synaptic consolidation
Following acquisition, memory is gradually transformed from a labile to a stable state through the consolidation process. This time-dependent stabilization period takes place in a period of several hours, but little is known whether its time constant is fixed or amenable to change according to different learning experiences. Since emotional arousal has a direct influence on memory encoding (McGaugh, 2000) , we hypothesize that the consolidation of fearful experiences of different intensities could follow different time-courses.
In order to address this question, we first trained rats in a weak or strong contextual fear conditioning protocol. Then, animals received intrahippocampal infusion of muscimol or saline solution immediately after training. A test was conducted 48 h after training to evaluate whether muscimol disrupted memory consolidation causing retrograde amnesia (Fig. 1a) . In the test (Fig. 1b) , two-way ANOVA indicated significant effects of training protocol (F (1, 31) = 12.66; P = 0.0012) and drug (F (1, 31) = 41.71; P = 0.0001). As expected, Tukey's post hoc analysis showed that vehicle-treated animals trained in the strong protocol exhibited higher freezing than those trained in the weak protocol (P < 0.05). It also showed that, in both protocols, animals treated with muscimol expressed less fear than their respective vehicles (P < 0.05). Thus, muscimol infused in the hippocampus immediately after training effectively disrupted the consolidation of both weak and strong contextual fear conditioning memories.
Next, another batch of animals underwent the same procedure described above, but the intrahippocampal infusions were conducted 6 h after training (Fig. 1c) . A two-way ANOVA revealed significant effects of footshock (F (1, 24) = 31.88; P = 0.0001) and drug (F (1, 24) = 8.856; P = 0.0066). Tukey's post hoc showed that in the weak training group muscimol disrupted fear memory (P < 0.05; Fig. 1d ), but it was ineffective in the strong training group (P > 0.05; Fig. 1d ). That is, 6 h after training memory was still susceptible to interferences in the weakly trained animals, but in strongly trained ones memory was already in a stable state.
Taken together, these results suggest that the time-course of synaptic consolidation is dynamic, with stronger fear conditioning sessions accelerating this process and reducing the time window in which memory can be modulated by post-training interferences.
The temporal window of synaptic consolidation is faster following a strong training
Results from the previous experiments indicate that weak and strong training protocols trigger consolidation processes of distinct time-courses. Here, we sought to investigated more precisely how training intensity modulates the time window in which memory is susceptible to interferences. Accordingly, animals were trained in the strong or weak conditioning protocols and the hippocampus was inactivated at additional post-training intervals. Also, here we employed an amnestic agent with a different mechanism of action, lidocaine, to exclude the possibility that the retroactive amnesia gradients reported here are exclusive to GABAergic manipulations.
First, animals were fear conditioned in the strong protocol and received intra-HPC infusions of lidocaine or saline 0 h, 3 h or 6 h after training (Fig. 2a) . In the test (Fig. 2b) , two-way ANOVA revealed a significant effects of drug (F (1, 33) = 8.391; p = 0.0066) but not of infusion time (F (2, 33) = 0.3434; P = 0.7118). Tukeýs post hoc showed that animals treated with muscimol immediately after training expressed lower freezing compared to the vehicles (P < 0.05). However, the same treatment had no effect 3 h and 6 h after training (P > 0.05; Fig. 2b) . It indicates that, in the dorsal hippocampus, the consolidation window closes before a short period of 3 h following a strong training.
Next, rats were trained in the weak fear conditioning protocol and lidocaine or saline was infused in the dorsal HPC 6 h or 9 h later (Fig. 2c) . Two-way ANOVA indicated significant drug x time interaction (F (1, 34) = 4.655; P = 0.0381). Tukey's post hoc revealed that inactivating the HPC with lidocaine 6 h after training disrupted memory consolidation (P < 0.05), but the same treatment was ineffective when given 9 h after training (P > 0.05; Fig. 2d) . Hence, following a weak training the consolidation window takes more than 6 h, but less than 9 h, to close.
In accordance with the previous section, these results show that fear conditioning intensity greatly affects the time-course of synaptic consolidation in the hippocampus. Following a strong conditioning, memory becomes fully consolidated and resistant to amnestic interferences sooner than 3 h from training. A weak conditioning results in a much extended consolidation window, rendering memory vulnerable to post-training interferences for at least 6 h, but less than 9 h. Hence, it suggests that events with high emotional arousal trigger a consolidation process of accelerated time-course.
The accelerated synaptic consolidation is triggered by glucocorticoid
In the previous experiments, we found that in weakly conditioned rats memory is disrupted by an amnestic interference conducted 6 h after training, but in strongly conditioned rats memory is resistant to interferences at the same time point. Since it is well known that stress hormones signaling is increased in highly emotional situations (Okuda, Roozendaal, & McGaugh, 2004; Wolf, Atsak, de Quervain, Roozendaal, & Wingenfeld, 2015) , we asked whether these hormones could be underlying the accelerated consolidation induced by the high intensity training.
In order to address this question, all rats received a systemic administration of Metyrapone 50 min before a strong training session. Then, muscimol or vehicle was infused in the HPC 6 h later (Fig. 3a) . In the test, animals infused with muscimol expressed lower freezing levels compared to controls (Studentś t test -t (16) = 2331, P = 0.03; Fig. 3b) . Hence, the inhibition of glucocorticoid synthesis prevented the accelerated consolidation outcome induced by a strong fear conditioning. It suggests that fear conditioning intensity affects the time-course of consolidation through the action of stress hormones.
A pre-exposure to the conditioned context accelerates the consolidation time-course
In order to learn the contextual fear conditioning task, animals must first form a representation of the context, allowing for its association with the occurrence of a footshock. This is illustrated in the immediate footshock deficit effect, where fear conditioning fails when the shock is delivered before the animals are able to encode a representation of the context (Maren, Phan, & Liberzon, 2013) . However, a pre-exposure to the training context 24 h before conditioning reduces the time needed for a successful associative fear learning (Fanselow, 1990) . We speculated that the presence of a previous contextual representation could also reduce the time required to consolidate a contextual fear conditioning memory. Accordingly, we tested the possible relationship between context pre-exposure and the consolidation time-course of a fear conditioning memory. Rats were pre-exposed to training context for 5 min and, one day later, they were trained in the weak protocol, which induces a consolidation process that takes more than 6 h to be completed. After 6 h from training, intra-HPC infusions of muscimol or saline were conducted (Fig. 4a) . Interestingly, there was no differences between groups in the test session (Studentś t test -t(14) = 0.08247, P = 0.9; Fig. 4b ), indicating that the memory was already in a consolidated state. Hence, it indicates that a context pre-exposure accelerates the consolidation of a contextual fear memory.
Discussion
We investigated the hypothesis that the time constant of memory consolidation changes according to different learning conditions. By assessing the effect of hippocampal inactivation conducted at different post-training intervals, we found that the time-course of consolidation is not rigid, but dynamic. Increasing fear conditioning training intensity accelerates memory consolidation, rendering the trace insensitive to interferences earlier. This strong training effect is mediated by glucocorticoid signaling since it was prevented by pre-training metyrapone treatment. In addition, we also found that memory consolidation is accelerated when training is conducted in a familiar context. Taking together, these findings reveal that the time-course of synaptic consolidation in the hippocampus is a function of the intensity and novelty of the learning experience.
Retrograde amnesia following post-training interferences is temporally graded, showing that the consolidation process is limited in time (Müller & Pilzecker, 1900) . It is generally assumed that memories become fully consolidated during the first hours after learning, but studies using different protocols have reported different retrograde amnesia gradients varying from minutes to several hours (Bernabeu et al., 1997; Duncan, 1949; Jerusalinsky et al., 1992; Rossignoli et al., 2017) . The reasons for such discrepant results are unknown, and the putative factors underlying it have been largely unexplored. Here, we hypothesized that an important parameter influencing the time-course of a CFC memory could be the training intensity. To investigate this idea, animals were fear conditioned in a weak or in a strong protocol and the Fig. 3 . Rapid consolidation in strong training is mediated by glucocorticoid. (A) Experimental design. All animals were injected with metyrapone and, 50 min later, they were trained in the strong fear conditioning protocol. Muscimol or its vehicle was infused into the dorsal hippocampus 6 h after training. (B) Animals infused with muscimol expressed lower freezing levels than controls (N = 8 per group). Asterisk indicates P < 0.05. Student's t test. Graphs show percentage of freezing time expressed as mean ± SEM.
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Neurobiology of Learning and Memory 150 (2018) 42-47 hippocampus was inactivated with the GABA A agonist muscimol 0 h or 6 h after training. As expected, stronger training promoted higher freezing levels, and in both protocols the hippocampal inactivation immediately after training impaired memory retention. This is in accordance with the well-described notion that the hippocampus is a central structure for the synaptic consolidation of CFC memories (Fanselow & Dong, 2010; Squire, 2017) . Interestingly, the same interference given 6 h after training lead to opposite outcomes in each protocol. In the strong protocol, intra-hippocampal muscimol infusion 6 h after training had no effect on memory retention, indicating that at this time point memory was already stabilized and insensitive to this interference. In contrast, the same interference impaired retention in the weak protocol, indicating that 6 h after acquisition memory was still not fully consolidated. Hence, it shows that training intensity is a critical parameter for the time-course of memory stabilization in the hippocampus, with stronger training leading to a faster synaptic consolidation process. Next, we further investigated the consolidation time-course specific to strong and weak fear conditioning memories by inactivating the hippocampus at additional time points. Also, we employed a different drug to inactivate the hippocampus, the voltage-gated Na + channel blocker lidocaine. As happen with muscimol, lidocaine disrupted consolidation in the weak training group when infused 6 h after training, whereas in the strong training group the treatment was only effective if given immediately after training. In addition, we tested the effect of intra-HPC lidocaine 3 h after strong training, and it had no effect. In the weak training group, we also conducted the interference 9 h after training, which was ineffective in hindering memory. These results show that consolidation window greatly varies after training of different intensities. Following a strong training, the memory becomes fixed before 3 h, whereas in the weak protocol the same occurs only between 6 h and 9 h from training. Also, the retrograde amnesia gradients described here are not specific to a particular drug class but reflect a general feature of consolidation, since they have been found using both a GABA A agonist and a voltage-gated Na + channel blocker.
Emotionally arousing experiences are usually better remembered than less salient ones, as depicted by the higher freezing levels elicited by our strong training protocol in comparison with the weak one. Stress hormones are critical to allow the significance of an experience to modulate memory processes (McGaugh, 2000) . Moreover, it has been shown a positive correlation between footshock intensity during the training in contextual fear conditioning and corticosterone plasma levels (Cordero, Merino, & Sandi, 1998) . Hence, we hypothesized that the glucocorticoid released during the strong training could be mediating the accelerated consolidation observed in the high-intensity footshock training protocol. In accordance with this idea, blocking glucocorticoid synthesis with metyrapone before the strong training prevented the accelerated consolidation outcome, rendering memory susceptible to disruption by hippocampal inactivation 6 h after training. It suggests that glucocorticoid signaling is a critical factor regulating the synaptic consolidation time-course. Interestingly, we have previously shown that glucocorticoid also induces a rapid systems consolidation and fear generalization in animals trained in a strong training condition, making memory independent from the hippocampus earlier (Pedraza, Sierra, Boos, Quillfeldt, & Alvares, 2016) .
Which other parameters could affect the synaptic consolidation rate? We hypothesized that preexisting contextual knowledge would make consolidation faster, since the context information is already consolidated during fear conditioning. Thus, the consolidation timeframe necessary to the association between the context and footshock would be lower. To address this issue, we pre-exposed animals to the training context 24 h before a weak training. That is, during the training session, the contextual information was already stored. In accordance with our prediction, we found that the synaptic consolidation timecourse was accelerated, since the hippocampal inactivation did not affect memory consolidation in a time-point which ordinarily it is still required. This result may be discussed in the light of the schema concept, which posits that the background memory framework facilitates and accelerates the acquisition of new related information. Interestingly, it has been shown that a schema makes systems consolidation of a similar memory more rapid and efficient (Tse et al., 2007; Pedraza, Sierra, Crestani, Quillfeldt, & De Oliveira Alvares, 2017 ). Here we found that it also happens in the synaptic consolidation process.
It is thought that synaptic consolidation encompasses a series of cellular and molecular events that culminates in memory storage, such as protein synthesis, synaptic remodeling, activation of second messenger pathways and gene expression, and receptors trafficking. Importantly, there is no a priori reason to believe that synaptic consolidation mechanisms and its time-course are always the same. For instance, it has been reported that increasing shock intensities induces proportional changes in noradrenaline (Quirarte, Galvez, Roozendaal, & McGaugh, 1998) and glucocorticoids (Cordero et al., 1998) . Moreover, Bourtchouladze et al. (1998) showed that there are two periods of sensitivity for PKA inhibitors and protein synthesis in the hippocampus after a weak training in the contextual fear conditioning, but only one when a stronger shock was delivered. Also, Wang, de Oliveira Alvares, and Nader (2009) showed that strong, but not weak training downregulates GluN2B-containing NMDA receptors in the amygdala and forms a memory that is resistant to undergo reconsolidation through HPC-dependent mechanisms. Taken together, these reports show that fear conditioning of different intensities engages distinct mechanisms, which may be related to the differential consolidation time-courses observed here.
In summary, we demonstrate that specific parameters of a learning experience are able to modulate the time-course of synaptic consolidation in the hippocampus. Increasing training intensity accelerates consolidation, an effect mediated by the glucocorticoids released during the strong training. Furthermore, pre-exposure to the conditioned context modulates consolidation time-course in the same direction. These findings are especially relevant to the realm of PTSD treatment, since many proposed interventions must be presented inside the consolidation window to be effective. Rapid consolidation may serve as an adaptive mechanism to ensure the storage of information perceived by Fig. 4 . Pre-exposure accelerates synaptic consolidation (A) Experimental design. All animals were pre-exposed to the training context (5 min, no footshock) and, 24 h later, they were trained in the weak fear conditioning protocol. Muscimol or its vehicle was infused into the dorsal hippocampus 6 h after training. (B) There was no difference between groups (N = 8 per group). Student's t test. Graphs show percentage of freezing time expressed as mean ± SEM. the brain as highly relevant. It also may reflect an ability of the brain to refine the consolidation process according to prior experiences. Identifying the factors affecting consolidation time-course, along with the underlying brain mechanisms, is central to advance our understanding of memory processes and to the development of more effective clinical strategies.
